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(57) Abstract 



A frequency synthesizer has a phase locked loop, a AS modulator, and a filter. The phase locked loop includes a frequency divider 
that conu-ols the frequency of the phase locked loop output signal. The output of the AE modulator is fed through the filter and the output 
of the filter is used to control a division factor in the frequency divider. Compensation may be performed at the input to the AE modulator 
in order to compensate for the filtering performed between the AS modulator and the frequency divider. The filter may be used to reduce 
quantization noise in an input to the frequency divider, and thereby reduces phase noise in an output of the phase locked loop. 
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A POST-FILTERED AE FOR CONTROLLING 
A PHASE LOCKED LOOP MODULATOR 

Field of the Invention 
5 The present mveiition relates to all areas where a AL controlled phase locked 

loop (PLL) is used as a frequency synthesizer and/or to generate a phase modulated 
signal. This applies, for instance, when using a PLL to generate continuous phase 
modulation (CPM), firequency shift keying (FSK) or quadrature amplimde modulation 
(QAM) by controlling a division factor in the PLL by means of a AE modulator. 
10 This technique can, for instance, be xised in cellular, cordless satellite terminals and . 
base stations. 

Background of the Invention 

The unplementation of continuous phase modulation in a transceiver has 

15 traditionally relied on using quadramre modulators. As illustrated in Figure 1, a 
digital signal processing unit 101 receives the informadon to be transmined by a 
signal 100 and generates the ih-piiase and quadrature components of the signal. These 
components are converted to analog signals using digital/analog converters 102a and 
102b, and low pass filters 103a and 103b. The output of each filter modulates using 

20 multipliers 104a and 104b, one of two carriers 105a or 105b that are separated by 90** 
in phase. The outputs of the multipliers are then summed in an adder 106 to form the 
signal 107 which is to be amplified and transmitted. 

Recently, continuous phase modulation based on using a AL modulator to 
control the division factor of a fractional-N phase locked loop was proposed by Rilev 

25 et ai, in "A Simplified Continuous. Phase Modulation Technique," IEEE Transaction 
on Circuits and Svstems - 11: Analog and Digital Signal Processing . Vol. 41, pp. 
321-326, May 1994. Phase locked loop frequency synthesis is a well-known 
technique for generating one of many related signals firom a frequency variable 
voltage, controlled oscillator (VCO). In a phase locked loop (PLL), an output signal 

30 from the VCO is coupled to a programmable frequency divider which divides the 

frequency of the PLL output by a selected number (the "division factor") to generate a 
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frequency divided signal that is suppUed to one input of a phase detector. The phase 
detector compares the frequency divided signal to a reference signal supplied by 
another fixed frequency oscillator, which, often, is selected for stabUity of frequency 
over time and environmental changes. Any difference in phase between the frequency 
divided signal and the reference signal is output from the phase deteaor, coupled 
through a loop filter, and applied to the VCO in a manner which causes the output 
signal from the VCO to change in frequency such that die phase error between the 
frequency divided signal and the reference signal is minimized. With a constant 
division factor, the output frequency step size is consttamed to be equal to the 
reference signal frequency. With the phase locked loop, an engineering compromise 
must be struck between the competmg requirements of loop lock time, output 
frequency step size, noise performance and spurious signal generation. 

In order to overcome the limitations of the PLL, programmable frequency 
dividers capable of effectively dividing by non-integers have been developed. Output 
frequency step sizes which are fractions of the reference signal frequency are obtained 
while maintaining a high reference frequency and wide loop bandwidth- The 
syndiesizers are known as fractional-N frequency synthesizers. Furthermore, a AE 
modulator can be used to connrol die frequency divider of the phase locked loop. 
Characteristics of a AL modulator are such that the quantization noise at its output 
tends to be toward the high end of the spectrum. The AL modulator is a quantizer 
that uses feedback to reduce die quantization noise in a limited frequency band. For 
this application, the AL modulator should preferably have low quantization noise 
within the bandwidth of die modulation. 

As illustrated in Figure 2, a conventional AE controlled phase locked loop can 
25 be described as consistmg of two parts: a AE modulator 201 and a PLL 202. The 
output of die AE modulator 201 is used to control the division factor of a frequency 
divider in the PLL 202. A more detailed diagram of a conventional AE controlled 
phase locked loop modulator is illustrated in Figure 3. A periodic reference signal 
301 of frequency f„f is fed to a phase detector 302 togedier with die phase of the 
output of the frequency divider 306. The output of die phase detector 302 is a pulse, 
that is related to the phase difference between die reference signal and die output of 
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the frequency divider 306. The output of the phase detector 302 is filtered through a 
loop filter 303 and fed to a voltage controlled oscillator 304. Due to the feedback in 
the phase locked loop, the frequency of the ouqjut 305 of the VCO 304 is driven to 
equal the reference frequency multiplied by the division factor of the frequency 
divider 306. Hence, the frequency and the phase of the output of the VCO 304 can 
be controlled by controlling the division factor. In the AE controUed phase locked 
loop modulator, die division factors are generated by using a AE modulator 310. The 
division factor of the frequency divider can be changed once every period of the 
reference frequency. The wave generator 307 generates, based on the mformation 
signal 300, the input to the AE modulator 310. Channel selection can be performed 
by adding in an adder 308, an offset 309 to the input of the AE modulator 310. The 
awpm of the AE modulator 310 is then used to.control the division factor in die 
frequency divider 306. 

The output of the waveform generator is the instantaneous frequency of the 
15 desired modulated signal divided by the reference frequency and sampled at the rate 
of the reference frequency. The oversampling factor, 77, of the AE controlled phase 
locked loop modulator is 

ij = fref/symbol rate. 

The input to the AE modulator is the instantaneous frequency of the desfred modulated 
20 signal sampled at a rate equal to f„f. The reference frequency f„f is chosen high 
enough and the bandwidth of the PLL wide enough for die modulation to fiilfill the 
spectrum and/or the phase noise requirement on the modulation. 

Because the phase locked loop is a low pass filter, with respect to the 
instantaneous frequency, the phase locked loop can be regarded as a means for 
25 reconstruction of the desired modulation signal. By choosing the bandwidth of the 
phase locked loop sufficiently high for the desired modulation to pass, the output of 
the VCO consists of a signal corresponding to the desired instantaneous frequency and 
phase noise corresponding to the quantization noise of the AE modulator. The phase 
noise can be reduced by eidier increasing die oversampling factor or by increasing the 
roll-off of the filtering performed by the phase locked loop. The latter is difficult 
without jeopardizing the stability margins of the phase locked loop. As a result, prior 
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systems must rely on the use the high oversampling factors. However, a AE 
controUed phase locked loop modulator has many benefits. For example, it enables a 
cost and space efficient implementation, and guarantees that continuous phase in the 
modulation as well as channel selection can be controlled in a purely direct and digital 
manner. 

In a mobile station and terminals in cordless cellular and satellite 
communication systems, or in any other equipment with lunited power supply, it is 
desired to keep the oversampling factor of the PLL as low as possible. With a limited 
oversampling factor, however, the technique of AE controlled PLL modulation will 
fail the spectrum and/or the phase noise requirement on the modulation. This is 
because the filtering by the PLL wiM not be able to sufficiently fUter the quantization 
ftoise without distorting the modulation. Thus, there is a need for a method and 
apparams for reducing the amount of quantization noise in the signal applied to the 
frequency divider from the AE modulator. 

Summai-y of the Invention 

The present invention includes filtering the output of the AL modulator, and 
xising the filtered output to control the division factor of a phase locked loop. 
Filtering the output of the AL modulator reduces the quantization noise in the signal 
used to control the frequency divider. This, in turn, reduces die phase noise in die 
output of the phase locked loop. According to one embodiment of the present 
invention, a fi«quency synthesizer containing a phase locked loop, a AE modulator 
and a filter are disclosed. The output of the AT modulator is fed through the filter 
and the ouqjut of the filter is used to control the division factor in the frequency 
divider. 

In another aspect of the faivention, compensation may be performed at the 
input to the AL modulator in order to compensate ifor the filtering performed between 
the AE modulator and the firequency divider. 

According to another embodiment of the invention, a continuous phase 
modulator is disclosed. The continuous phase modulator comprises a phase locked 
loop comprismg detector means responsive to a reference signal and a phase control 
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signal for generating a control signal that varies in dependence upon the phase . 
difference between the reference signal and the phase control signal. Means 
responsive to the control signal generate an output signal whose frequency varies in 
dependence upon the control signal. Divider means divides the output signal to 
5 provide the phase control signal, the dividing means having a control input and being 
operable to vary its division ratio in dependence upon a ratio control signal applied to 
said control input. AL modulator means responsive to an information signal and an 
offset signal provides a ratio control signal. Filter means filters the ratio control 
signal from the AE modulator means to reduce quantization noise in the ratio control 
10 signal, wherein the filtered ratio control signal adjusts the division ratio of the 

frequency divider. Adjusting means adjust the information signal prior to its being 
supplied to the AE modulator means, wherein the adjustment compensates for the 
action of the filter means. 

15 Brief Description of the Drawings 

The invention will now be described in more detail with reference to the 
accompanying drawings, in which: 

. Figure 1 illustrates a prior art quadrature , modulator; 
Figure 2 illustrates a prior art AE controlled phase locked loop; 
20 Figure 3 illustrates a prior art AL connroUed phase locked loop for generating 

CPM; 

Figure 4 illustrates a post-filtered AE modulator for controlling a phase locked 
loop according to one embodiment of the present invention; and 

Figure 5, illustrates a post-filtered AE modulator for controlling a phase locked 
25 loop according to one embodiment of the present invention. 

Detailed Description 

The present invention relates to all areas where a AE controlled phase locked 
loop (PLL) is used as a frequency synthesizer and/or to generate a phase modulated 
30 signal. This applies, for uastance, when using a PLL to generate continuous phase 

modulation (CPM), frequency shift keying (FSK) or quadramre amplimde modulation 
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(QAM) by controlling a division factor in the PLL by means of a AE modulator. 
This technique can, for instance, be used in cellular, cordless satellite terminals and 
base stations. 

A post-filtered AE modulator for controlling a phase locked loop is illustrated 
5 in Figure 4. A digital filter 402 is introduced between the AE modulator 401 and the 
phase locked loop 403. By filtering the output of the AE modulator 401, the 
quantization noise in the output signal produced by the AE modulator 401 can be 
reduced within certain frequency regions. The reduction in quantization noise can, in 
turn, be traded for reduced oversampling rate and/or decreased phase noise. This 

10 enables the AE controlled phase locked loop modulation to be used with a limited 
oversampling factor. 

According to the present invention, a transceiver can be enhanced by using the 
post-filtered AE controlled phase locked loop modulator depicted in Figure 5. The 
phase locked loop consists of a phase detector 502, a loop filter 503, a voltage 

15 controlled oscillator 504, and a frequency divider 506. The periodic reference signal 
501 of frequency f^^f is fed to the phase detector 502 together with the phase of the 
output of the frequency divider 506. The output of the phase detector 502 is a pulse 
that is related to the phase difference between the reference signal and the output of 
the frequency divider 506. The output of the phase detector 502 is filtered through a 

20 loop filter 503 and fed to a voltage controlled oscillator (VCO) 504. Due to the 
feedback ui the phase locked loop, the frequency of the output of the VCO 504 is 
driven to equal the reference frequency multiplied by the division factor in the 
frequency divider 506. Hence, the frequency of the voltage controlled oscillator 504 
can be controlled by controlling the division factor. 

25 In the AE controlled phase locked loop modulator, the division factors are 

generated by using a AE modulator 510 whose output is first filtered by a digital filter 
513 before being supplied to the frequency divider 506. The purpose of the digital 
filter 513 is to reduce the quantization noise in the output signal produced by the AE 
modulator 510 within certain frequency regions. The AE modulator 510 may be any 

30 type of AE modulator, such as one of those described in Steven R. Northsworthy, 

Richard Schrier and Gabor Temes, Delta-Siema Data Converters. Theory, Design and 
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Simulation . EEEE Press 1997. According to this exemplary embodiment, the phase 
locked loop is designed so as to filter the phase noise sufficiently to fiilfill the 
spectrum and/or the phase noise requirements on the modulation. A waveform 
generator 507 receives an information signal 500 and generates an input for. the AL 
5 modulator 510. Prior to being supplied to the AL modulator 510, however, the 
generated input signal is first supplied to a prefilter 511, which predistorts the 
generated input signal so as to compensate for the distortion caused by the digital 
filter 513. The predistortion can be implemented by distorting die input of the A£ 
modulator, that is, the desired instantaneous frequency, or by using a waveform 

10 generator where the desired predistortion affects the pulse shaping as defined by the • 
modulation scheme. 

Several examples will now be presented to illustrate techniques for designing 
the filter 513. First, consider a situation in which a AT controlled PLL is to be used 
to generate modulation for a mobile communications systems in accordance with the 

15 European GSM standards. The wavefom generator 507 in this case should perform 
Gaussian filtering. The output of the PLL will then be a Gaussian Minimum Shift 
Keying (GMSK) modulated signal distoned by the quantization noise generated in the 
PLL resulting in phase noise. The most critical part to fulfill in the GSM 
specification is that the phase noise should be less than -60 dBc/Hz at ±400 kHz. 

20 Therefore, reducing the quantization noise at 400 kHz is important. The invention 
offers a simple solution to this problem, as follows. 

Consider a reference signal /^f = 13 MHz, as is often used in GSM. The 
filter 513 can then be chose such that its impulse response is, foi: example 

h(k) ^ 6ik) + b(k'16),, (1) 

25 where 5(0) = 1 and Sik) = 0 for all jk 0. Then the digital filter 513 would have a 
notch at 13/30 MHz. This filter has an attenuation of about 12 dB at 400 kHz and a 
DC gain of 6 dB. The prefilter 511 should then be the inverse filter of h(k) within 
the bandwidth of the modulation. For the case described above, it is sufficient for the 
prefilter 511 to compensate for the DC gain with a prefilter containing only one tap 



wo 99/14859 



PCT/SE98/01623 



-8- 

equal to 1/2. The prefilter 511 could, of course, be included in the filtering of the 
waveform generator 507. 

As another example, consider a situation in which it is important to reduce the 
phase noise of a frequency synthesizer's PLL at neighboring frequency channels. For 
GSM this would correspond to having a digital filter 513 with notches at, for 
example, ±200 kHz, ±400 kHz and ±800 kHz. Where the samplmg rate of the 
reference signal 501 is 13 MHz, this can approximately be achieved by a digital filter 
513 having an impulse response 

h(k) = &(k) + 6(Jt-31). 

The prefilter 511 could then be a one-tap filter having a gain of one-half. 

Note that the coefficients of the digital filter 513 were chosen such that the 
output of the digital filter 513 is mteger valued as long as its input is integer valued. 
This is an important feature because the frequency divider 506 can only deal with 
integer valued division factors. The range of the output is twice the range of the 
input. This has to be taken into consideration when designing the frequency divider. 

From the above two examples, one can draw the following conclusions: The 
invention offers a simple way to reduce phase noise in the PLL within certain 
frequency regions, A simple digital filter 513 that is easy to impleinent and will only 
consume minor power compared to the AE modulator can reduce the phase noise of 
the PLL significantly. 

As to the digital filtering in prefilter 511, it can typically be described by the 
relation 

N(n) = bix(k) + b2X(k-l) + ... +bj^+ix(k-n) 
-a^NCk-D- ... -a^^iN(k^m) 
where N(n) is the output of the filter used to control the frequency divider in the 
phase locked loop and x(n) is the output of the AE modulator. The parameters m, n, 
aj, 32... a^, a^+i and bj, b2... b^j, h^^i can be chosen to give the quantization noise 
certain properties or reduce the quantization noise. Note, however, that the 
parameters must be chosen such that the output corresponds to a valid division factor 
in the frequency divider of the phase locked loop. 
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Channel selection can be performed by using an adder 508 to add an offset 509 
to the input of the AE modulator. 5 10* The reduction in quantization noise can be 
traded for reduced oversampling rate and/or decreased phase noise, thus enabling the 
AT. controlled phase locked loop modulation to be used with a limited oversampling 
5 factor. 

The choice of the AE modulator is dependent on the desired application. 
Higher order AE modulators, possibly implemented using multiple stage (cascade) 
stnicmres can be used. To enable channel selection over a wide range, the AE 
modulator is preferably implemented as a multi-level AE modulator. The reference 

10 signal 501 is preferably a periodic signal. The output of the VCO forms the signal 
505 which is to be amplified and transmitted by the transceiver. 

A transceiver which can eniploy the present invention is illustrated in-Figure 6. 
A reference oscillator 601 provides a reference signal, f^f, which remains relatively 
constant in frequency over time and in extremes of environment and is applied to a 

15 AE-controUed phase locked loop 603 along widi the information to be transmitted. 
The output of the AE-controUed phase locked loop 603 is used by both the receiver 
605 and the transmitter 607 to produce the local oscillator signal and the modulated 
transmit signal, respectively. In particular, the AE-controUed phase locked loop 603 
supplies a phase-modulated signal to the transmitter 607, and a carrier signal to the 

20 receiver 605. In alternative embodiments, amjplimde modulation can additionally be 
introduced in the transmitter 607 when, for example QAM is used. In this case, 
information to be transmitted should also be supplied to the transmitter 607. In any 
case, control over functions of the transceiver, such as channel of operation 
. . frequency, is provided by the control logic 609. 

25 It will be apparent to those of ordinary skill in the art that the present 

invention can be embodied in otlier specific forms without departing from the spirit or 
essential character thereof. The present disclosed embodiments are, therefore, 
intended in all respects to be illustrative and not restrictive. The scope of the 
invention is indicated by the appended claims rather than the foregoing description, 

30 and all changes which come within the meaning and range of equivalents thereof are 
intended to be embraced therein. 
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What is Claimed is: 

1. A frequency synthesizer, comprising: 

a phase locked loop comprising a frequency divider, 

a AE modulator for modulating an input signal; and 
5 filter means, wherein the output of the AL modulator is fed through the filter 

and the output of the filter is used to control a division factor in the frequency 
divider. 

2. The frequency synthesizer according to claim 1, wherein compensation is 
10 performed at an input to the AL modulator in order to compensate for the filtering 

performed between the AL modulator and the frequency divider. 

3. The frequency synthesizer accordii^ to claim 1, wherein said filter means 
reduces quantization noise in an input to the frequency divider, and thereby reduces 

15 phase noise in an output of the phase locked loop. 

4. A continuous phase modulator, comprising: 
a phase locked loop comprising: 

detector means responsive to a reference signal and a phase control 
signal for generating a control signal that varies in dependence upon the phase 
difference between the reference signal and the phase control signal; 

means responsive to said control signal for generating an output signal 
whose frequency varies in dependence upon the control signal; and 

means for dividing the output signal to provide the phase control signal, 
said dividing means having a control input and being operable to vary its division 
ratio in dependence upon a ratio control signal applied to said control input; . 

AE modulator means responsive to an information signal to provide a ratio 
control signal; and 

means for filtering said ratio control signal from said AL modulator means to 
reduce quantization noise in said ratio control signal, wherein said filtered ratio 
control signal adjusts the division ratio of the frequency divider. 
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5. The contimious phase modulator according to claim 4, farther comprising: 

means for adjusting the information signal prior to its being supplied to 
the AE modulator means, wherein the adjustment compensates for the action of the 
filtering means. 

6. The continuous phase modulator according to claim 4, wherein said filter 
means reduces quantization noise in an input to the dividing means, and thereby 
reduces phase noise in an output of the phase locked loop. 

7. The continuous phase, modulator according to claim 4, wherein a channel 
selection is performed by adding an offset to the input of the AE modulator. 

8. The continuous phase modulator according to claim 4, wherein said AL 
modulator means is a multi-level AE modulator which allows channel selection over a 
wide frequency range. 

9. A metiiod of synthesizing a signal having a frequency, comprising the 
steps of: 

Xising a phase locked loop to generate the signal, wherein.the frequency of the 
signal is controlled by a frequency divider in the phase locked loop; 
using a AE modulator to generate a modulated signal; 
generating a filtered signal by filtering the modulated signal; and 
using the filtered , signal to control a division factor in the frequency divider. 

10. The method of claim 9, further comprising the step of: 
supplying a compensated input signal to the AI modulator, wherein the 

compensated mput signal is made to compensate for the filtering of the modulated 
signal. 
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11. The method of claim 9, wherein the step of generatiiig a filtered signal 
reduces quantization noise in an ii^ut to the frequency divider, and thereby reduces 
phase noise in an ou^ut of the phase locked loop. 
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